Survey of QTAIM, closely related to QTAIM dual functional analysis (QTAIM-DFA)
The bond critical point (BCP; ) is an important concept in QTAIM. The BCP of (, ) = (3, -1)S1 is a point along the bond path (BP) at the interatomic surface, where charge density (r) reaches a minimum. It is donated by b(rc), so are other QTAIM functions, such as the total electron energy densities Hb(rc), potential energy densities Vb(rc) and kinetic energy densities Gb(rc) at the BCPs. A chemical bond or interaction between A and B is denoted by A-B, which corresponds to the BP between A and B in QTAIM. We will use A--B for BP, where the asterisk emphasizes the presence of a BCP in A-B.
The sign of the Laplacian b(rc) (2b(rc)) indicates that b(rc) is depleted or concentrated with respect to its surrounding, since 2b(rc) is the second derivative of b(rc). b(rc) is locally depleted relative to the average distribution around rc if 2b(rc) > 0, but it is concentrated when 2b(rc) < 0. Total electron energy densities at BCPs (Hb(rc)) must be a more appropriate measure for weak interactions on the energy basis.S1-S8 Hb(rc) are the sum of kinetic energy densities (Gb(rc)) and potential energy densities (Vb(rc)) at BCPs, as shown in Equation (2) (S1). Electrons at BCPs are stabilized when Hb(rc) < 0, therefore, interactions exhibit the covalent nature in this region, whereas they exhibit no covalency if Hb(rc) > 0, due to the destabilization of electrons at BCPs under the conditions.S1 Equation (S2) represents the relation between 2b(rc) and Hb(rc), together with Gb(rc) and Vb (rc) , which is closely related to the virial theorem.
Hb(rc) = Gb(rc) + Vb(rc) (S1) (ћ2/8m)2b(rc) = Hb(rc) -Vb(rc)/2 (S2) = Gb(rc) + Vb(rc)/2 (S2')
Interactions are classified by the signs of 2b(rc) and Hb (rc) . Interactions in the region of 2b(rc) < 0 are called shared-shell (SS) interactions and they are closed-shell (CS) interactions for 2b(rc) > 0. Hb(rc) must be negative when 2b(rc) < 0, since Hb(rc) are larger than (ћ2/8m)2b (rc) by Vb(rc)/2 with negative Vb(rc) at all BCPs (Equation (S2)). Consequently, 2b(rc) < 0 and Hb(rc) < 0 for the SS interactions. The CS interactions are especially called pure CS interactions for Hb(rc) > 0 and 2b(rc) > 0, since electrons at BCPs are depleted and destabilized under the conditions.S1a
Electrons in the intermediate region between SS and pure CS, which belong to CS, are locally depleted but stabilized at BCPs, since 2b(rc) > 0 but Hb(rc) < 0.S1a We call the interactions in this region regular CS,S4,S5 when it is necessary to distinguish from pure CS. The role of 2b(rc) in the classification can be replaced by Hb(rc) -Vb(rc)/2, since (ћ2/8m)2b(rc) = Hb(rc) -Vb(rc)/2 (Equation (S2)). Scheme S1 summarizes the classification.
interactions", whereas that containing perturbed structures exhibit the "dynamic nature of interaction" as explained below. The method to generate the perturbed structures is discussed later.
Plots of Hb(rc) versus Hb(rc) -Vb(rc)/2 are analyzed employing the polar coordinate (R, ) representation with (p, p) parameters.S4a,S5-S8 Figure S1 explains the treatment. R in (R, ) is defined by Equation (S3) and given in the energy unit. Indeed, R does not correspond to the usual interaction energy, but it does to the local energy at BCP, expressed by [(Hb(rc) )2 + (Hb(rc) -Vb(rc)/2)2]1/2 in the plot (cf: Equation (S3)), where R = 0 for the enough large interaction distance.
The plots show a spiral stream, as a whole.  in (R, ) defined by Equation (S4), measured from the y-axis, controls the spiral stream of the plot. Each plot for an interaction shows a specific curve, which provides important information of the interaction (see Figure S1 ). The curve is expressed by p and p. While p, defined by Equation (S5) and measured from the y-direction, corresponds to the tangent line of a plot, where p is calculated employing data of the perturbed structures with a fully-optimized structure and p is the curvature of the plot (Equation (S6)). While (R, ) correspond to the static nature, (p, p) represent the dynamic nature of interactions. We call (R, ) and (p, p) QTAIM-DFA parameters, whereas b(rc), 2b(rc), Gb(rc), Vb(rc) , Hb(rc) and Hb(rc) -Vb(rc)/2 belong to QTAIM functions. kb(rc), defined by Equation (S7), is an QTAIM function but it will be treated as if it were an QTAIM-DFA parameter, if suitable. 
where (x, y) = (Hb(rc) -Vb(rc)/2, Hb(rc))
to find a characteristic point corresponding to the borderline between t-HB and CT-MC in nature.
Therefore, the borderline is tentatively given by p = 150º based on the expectation form the experimental results, where p is defined by [90ºtan-1[dHb(rc)/d(Hb(rc) -Vb(rc)/2)]] in the plot of Hb(rc) versus Hb(rc) -Vb(rc)/2. The proposed classification and characterization of interactions, by means of the QTAIM functions of Hb(rc), Hb(rc) -Vb(rc)/2, Gb(rc), and/or Vb(rc) , are summarized in Table S1 . The plot of Hb(rc) -Vb(rc)/2 versus w in Figure S2 is essentially the same as that of 2b(rc) versus d(H---F) in X-H---F-Y, presented by Espinosa and co-workers.S9 Figure S2 . Plot of Hb(rc) versus w in r(1Cl-2Cl) = ro(1Cl-2Cl) + wao for 1Cl-2Cl-3Cl-(a) with the magnified picture of (a) (b) and that of Hb(rc) -Vb(rc)/2 versus w (c). Typical hydrogen bonds without covalency and typical hydrogen bonds with covalency are abbreviated as t-HB without cov. and t-HB with cov., respectively, whereas Cov-w and Cov-s stand for weak covalent bonds and strong covalent bonds, respectively. Origin Table. Species Chem. Eur. J. 2009, 15, 186 -197) . d GEY = GEY -180.00º. J. Phys. Chem. 1964, 68, 441-451) . Chem. Eur. J. 2009, 15, 186-197) . d GEY = GEY -180.00º. The data for Y = F and EMe in 1-5, are analyzed as two correlations for Y = F in 2a, 2b and 3c (△) and for Y = F and EMe in 1-5, other than the data for Y = F in 2a, 2b and 3c (○). In the case of 1 (•), data are separated widely as two groups (the upper left group of six points and two points at the lower right part). Therefore, the data may not be appropriate for the fitting from the statistic point of view. Nevertheless, the plot for 1 is tentatively shown by the dotted line, where the correlation is not given. Hb(rc) ). e  = 90°tan-1 (y/x). f Defined in eqn (3) in the text. g p = 90°tan-1 (dy/dx). h p = d2y/dx2/[1 + (dy/dx)2]3/2. 
